The structure of cadmium sulfide (CdS) micelle in stable aqueous solution of ethylenedi aminetetraacetic acid was determined by dynamic light scattering, small angle X ray scattering and neutron scattering. The micelle aggregate is a single CdS nanoparticle with an average size of about 3 nm, the nanoparticle organic shell and the solvation shell are about 1 nm and 5 nm thick, respectively. These parameters were confirmed by the scanning semi contact atomic force microscopy and powder X ray diffraction studies of dry micelle cores isolated by high speed centrifugation. The CdS micelle was correctly described by a simple double shell model and was found to possess the structure corresponding to CdS quantum dots.
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Cadmium sulfide (CdS) nanoparticles and quantum dots (QD) are intensively studied because they possess unique catalytic and luminescent properties. 1-4 Cadmi um sulfide nanoparticles which are slightly larger in size than the exciton Bohr radius (3 nm) can be used in cataly sis for production of hydrogen, 5, 6 for the purification of water from organic impurities, 7, 8 and in organic syn thesis. 9 Cadmium sulfide nanoparticles whose size is equal or smaller than the exciton Bohr radius in bulk CdS, i.e., CdS QD, are a promising material for the design of robust fluorescent biosensors, 10,11 solar cells, 12 and lasers. 13 In the last twenty five years, procedures for the syn thesis of nanoparticles and colloidal QD were developed for many chalcogenides. The results on the synthesis of CdS nanoparticles and QD with various sizes and proper ties can be found in the literature. 14- 21 The main restrain ing factor for the fundamental studies and practical appli cation of CdS nanoparticles is the toxicity of both cad mium ions 22,23 and organic compounds used presently for the synthesis and stabilization of nanoparticles. 17, 20 Replacement of cadmium by nontoxic zinc, though being attractive for environmental reasons, has a fundamental disadvantage related to a too wide forbidden band of zinc sulfide (3.68 eV); the blue shift can only broaden it. 24 This leads to a shift of the absorption band to the UV region. Therefore, QD based on zinc sulfide cannot be used in many topical applications dealing with biology, medicine, and visible light photocatalysis. Replacement of CdS by silver and tin sulfides having narrower forbidden band is principally possible, but requires conducting of expensive preliminary quests and searches. However, all the alterna tive metals considered do not solve another important problem, viz., the toxicity of the organic stabilizing media.
A possible way to solve this problem is to synthesize nanoparticles in nontoxic aqueous media. However, CdS is a hydrophobic compound; therefore, its synthesis di rectly in the aqueous solution is accompanied by intense agglomeration. These processes lead not only to coagula tion (sticking together), but also coalescence (a multiple increase in size) of nanoparticles. Only recently, 25 a stable aqueous cadmium sulfide solution was obtained for the first time.
In the present work, we for the first time used modern methods for the structural studies of CdS micelles and made suggestions on the mechanism of their long term stability against aggregation and sedimentation.
Experimental
Micelles studied in this work were obtained by chemical condensation following a known procedure. 25 This method al lows one to prepare stable aqueous colloidal solutions of CdS nanoparticles without using toxic organic solvents and makes it possible to avoide additional laborious manipulations related to the solubilization.
The micelles were synthesized from sodium sulfide Na 2 edta). The solutions were mixed in specified v/v ratio at room temperature under continuous stir ring. In mixing the starting solutions, the Cd 2+ : S 2-: H 2 edta 2-concentration ratio was equal to 1 : 1 : 1.
In the first step, a solution of the complex salt was obtained
Then a solution of sulfidizing agent was added under continuous stirring
Stable micelles were prepared at the starting Cd 2+ , S 2-, and H 2 edta 2-concentrations in the reaction mixtures equal to 12.5 mmol L -1 . The experiments carried out in the present work showed that the dilution of the stable solutions thus synthesized by a factor of up to 10 produced no changes in the size of the CdS nanoparticles. The dispersed CdS phase was isolated by high speed centrifugation (an acceleration of 50000 g) and dried in air at room temperature.
The sizes of the dispersed phase nanoparticles were deter mined by different methods directly in the aqueous solution after the synthesis ("moist" nanoparticles) and after centrifugation and/ or drying ("dry" nanoparticles). The refractive index of solutions required for the nanoparticle size measurements by optical methods was determined on an IRF 22 Abbe refractometer; its value was 1.33.
A He Ne laser operating at 633 nm was used in the dynamic light scattering (DLS) studies of micelles directly in the solution; the detector of the scattered radiation was placed at an angle of 173. The studies of the size distribution function of the scatter ing centers showed that most micelles in the solution have a size of about 15 nm (Fig. 1) . The measured zeta potential of nano particles varied in the range from -75 to -20.5 mV, thus indi cating a rather high stability of the solution or, in other words, a low extent of coagulation.
High contrast between the electron density of the CdS nano particles and the electron density of the organic shell, as well as between the electron density of the dispersed phase and the dis persion medium allowed us to use the small angle X ray scatter ing (SAXS) for the determination of the diameter of the CdS micelle aggregate, which was found to be equal to 3 nm. 26 Using small angle neutron scattering (SANS) and high contrast between the scattering cross section of the organic shell and the scattering cross section of the dispersion medium (heavy water was used as the solvent), we succeeded in rather accurate deter mining the thickness of the organic shell (1 nm) and confirm ing the diameter of the CdS nanoparticle determined by SAXS.
After centrifugation, dry nanoparticles were visualized by semi contact atomic force microscopy (sc AFM). An analysis of the surface relief measured by this method (Fig. 2) showed that the support is covered with small, round nanoparticles, among which large particles are rare to be found. The average size of small nanoparticles and the root mean square deviation deter mined from the results of 750 measurements were 2.9 and 1.3 nm, respectively. 27 The histogram of the nanoparticle size distribu tion (see Fig. 1 ) was approximated by a normal distribution func tion with the maximum at 2.6 nm.
The X ray diffraction spectrum of powdered CdS nanoparti cles obtained by centrifugation of the stable solution with subse quent drying is shown in Fig. 3 (1) and CdS micelles (2) . The approximation of experi mental dependences was performed by the least squares method using the normal distribution function (Gauss distribution). CdS core size distribution obtained based on the analysis of the sc AFM images of the dry particle cores isolated by centrifuga tion of the stable solution (1) and CdS micelle size distribution obtained by the dynamic light scattering directly in the stable aqueous solution (2). 
Results and Discussion
Micelle model and the reason for its stabilization. In the present work, the aggregationally and sedimentationally stable colloidal solutions were synthesized by reactions (1) and (2) . Crystalline CdS nanoparticles exist in the solu tion containing hydrated ions, viz., Na + aq , H + aq , edta naq , and Claq . Since the solutions of CdCl 2 and Na 2 S were taken in the stoichiometric amounts, to a first approxima tion one can admit that the solution contains almost no free ions Cd 2+ aq and S 2-aq .* According to the classical adsorption rule, a crystal adsorbs ions that form a poorly soluble compound with the crystal ions, as well as ions capable of completing the crystal lattice of the solid phase. The solutions under consideration contain no such ions. Nonetheless, the colloidal solutions prepared appeared to be stable; they can be stored without visible changes at ambient temperature up to one year and during four years at a lower temperature (4 C).
The stability of the solution is due to the following reasons. The Na + , H + , and Cl -ions cannot be strongly bound to the crystal surface, whereas the EDTA ions present in the solution can form strong complexes with the surface Cd 2+ ions belonging to the crystal. In aqueous solutions, H 4 edta dissociates with the formation of anions and the qualitative and quantitative ionic composition of the H 4 edta solution is determined by the pH value. For the stable colloidal solutions prepared in the present work with the starting concentration and for those diluted tenfold, the pH value was 2.9 and 3.6, respectively. In this range of pH values, H 4 edta exists in the form of H 2 edta 2-and H 3 edta -ions. The reaction of these ions with Cd 2+ ions of the micelle aggregates leads to formation of mononuclear normal and protonated complexonates 29 with the insta bility constant indices equal to pK(CdHedta -) = 9.1 and pK(Cdedta 2-) = 16.59. The CdHedta -and Cdedta 2-ions coordinate and arrange the polar water molecules around themselves, thus developing an additional solva tion (hydration) shell. This results in the formation of hydrophilic shells and the emergence of the adsorption solvation factor of the colloidal solution stability. 30 However, the formation of such strong complexonates leads to activation of disintegration (dissolution) process es of the dispersed phases formed by the CdS nanoparticles. As a result, the formation and growth of the micelle aggre gate, i.e., CdS nanoparticles, by reaction (2) greatly decelerates and the equilibrium of this reaction shifts to the left. In discussing the micelle formula, it should be taken into account that the EDTA ions, being adsorbed on the CdS nanoparticle with the formation of CdHedtaand Cdedta 2-ions, impose an excess negative charge on them. To sum up, the presence of the H 2 edta 2-and H 3 edta -ions promotes two parallel reactions, complex ation and dissolution of the dispersed phase. Supposedly, the micelle formula can be depicted as follows:
where m = 1800, x < 2n. The complexonates adsorbing on the surface of CdS nanoparticles and imposing a negative charge on the mi celle cores interfere with the "approach" of the S 2-anions to the cores, thus hindering the aggregation of the nano particles and the growth of the CdS crystal. Thus, the CdS nanoparticles with the anions adsorbed on them become aggregationally stable. It is seen from formula (3) that the micelle contains the CdS aggregate, which in cludes one CdS nanoparticle, the layer of the poten tial determining ions (organic shell), and the adsorp tion and diffusion layers of the hydrated counterions (sol vation shell).
The in situ synchrotron radiation measurements show that the initially formed CdS nanoparticle nuclei ~3 nm in size within several dozen milliseconds remain stable (no growth and coagulation occurs) over a long period of time. The organic shell composed of the Cdedta 2-anions surrounding the CdS nanoparticles is about 1 nm thick and stable enough and disintegrates only partially upon centrifugation of the solution. This is confirmed by the formation of stable colloidal solution upon redissolu tion of a centrifuged dispersed medium in distilled water. Besides, this shell, imposing an electrical charge on the nanoparticle, is also responsible for the stabilization of CdS nanoparticles. This shell is loose enough, since it does not crystallize after being dried. This was confirmed by the X ray diffraction spectra of the "dry" nanoparticles after centrifugation and drying, which showed no addi tional structural lines. In turn, the organic shell is sur rounded by a thick solvation shell (its thickness is 5 nm), which is formed due to the negative charge on the organic shell. The solvation shell together with the organic shell and the core completes the micelle formation (Fig. 4) . The solvation shell not only neutralizes the electrical charge, but also considerably decreases the mobility of the cadmium sulfide nanoparticles in solution, thus deceler ating their coagulation. Taking into account that the DLS method allows one to determine not the sizes of the nano particles themselves, but the sizes of the moving scattering centers, which in the colloidal solution are represented by micelles, a conclusion can be drawn that the average size of the micelle described by the formula (3) in aqueous colloidal CdS solution obtained by reactions (1) and (2) is equal to 15 nm.
In the present work, we found that the solutions of CdS nanoparticles are stable in water at the EDTA con centrations approaching the stoichiometric ratio of the cadmium and EDTA ions. The zeta potential of the hy brid organo inorganic cores in the solution at ambient temperature is negative; its numerical value confirms the stability of the solution. The measurements of the size and size distribution of the CdS micelles directly in the stable solution showed that the micelle aggregate consisted of the CdS nanoparticle and had an average diameter of ~3 nm, the organic shell was about 1 nm thick, whereas the solvation shell was ~5 nm thick. Thus, the average size of the micelle in the aqueous colloidal CdS solution obtained by reactions (1) and (2) is about 15 nm. A structural model for the double shell CdS micelle is suggested based on the experimental data, as well as the mechanisms of its stabilization in the aqueous EDTA solution. Fig. 4 . Double shell structure of the CdS micelle: the shell con sisting of Cdedta 2-anions (1) and the solvation shell (2) . The scaled correlation of diameters is given according to the results of measurements of diameters of the core and two shells. 
